An SU (2) vectorlike singlet quark with a charge either +2/3 (t ′ ) or −1/3 (b ′ ) is predicted in many extensions of the Standard Model. The mixing of these quarks with the top or bottom lead to Flavor Changing Yukawa Interactions and Neutral Current. The decay modes of the heavier mass eigenstates are therefore different from the Standard Model type chiral quarks. The Large Hadron Collider (LHC) will provide an ideal environment to look for the signals of these exotic quarks. Considering all decays, including those involving Z-and Yukawa interactions, we show how one can distinguish between t ′ and b ′ from ratios of event rates with different lepton multiplicities. The ability to reconstruct the Higgs boson with a mass around 125.5 GeV plays an important role in such differentiation.
Introduction
The Standard Model (SM) of particle physics has enjoyed a remarkable success in explaining various experimental data. Occasionally some observations have shown deviations from the SM expectation, but have disappeared later with the increase in statistics. Nonetheless, the possibility of new physics being indicated by experimental data [1, 2] has constantly driven physicists towards an inspired quest. On the theoretical front, the SM does have some shortcomings as it has too many free parameters and offers no answer to some of the fundamental questions. An example is the issue of naturalness, or the stability of the Higgs boson mass against quadratically divergent corrections. In order to address questions such as this, many theoretical scenarios are exploited, with or without direct connections with the questions asked.
In a general context, vectorlike quarks can be both top-like (charge +2/3) and bottom-like (charge −1/3) vector singlet. We consider vectorlike isosinglet quarks in both the sectors as possibilities, taking one at a time in addition to the three generations of SM chiral fermions. The extension of the SM through the inclusion of a weak isospin singlet fermion leads to mixing between the singlet fermions and the SM doublets and hence different phenomenological consequences from what are predicted by the SM. The aim of our work is to distinguish between the singlets top-and bottom-type (t ′ and b ′ ) from their decays. In particular we wish to utilise the fact that the decay into Higgs is possible, and that the mass of the Higgs is known to us now. The dominant decays of t ′ and b ′ are expected to be
With the discovery of a Higgs like boson by the LHC experiments [9, 10] , the decay mode t ′ /b ′ → Ht/b is a channel of interest. We make use of this fact and tag five b's along with the requirement of two b pairs giving invariant mass peaks at m H for both the isosinglets. We find that we can distinguish between the signals present on account of t ′ and b ′ .
The collider phenomenology of these vectorlike isosinglets has been considered extensively in the literature(for most recent ones [11] - [22] ). In the earlier works, events are mainly selected with a final state composed of W or Z bosons and jets consistent with the decay of the heavy quarks. Once a signal is obtained, it becomes necessary to pinpoint the new physics scenario which leads to it. Since both t ′ and b ′ mimic the same signal through these channels, we are addressing this question by our analysis through the Higgs decay channel.
The outline of the paper is as follows. In section 2 we discuss the couplings of the t ′ and b ′ separately to the SM fields, through the effective Lagrangian in a model -independent way. In section 3 we discuss the signal and the background along with the methodology adopted for the analysis of the signal. In section 4 the results of our numerical analysis based on Monte Carlo simulations is presented. We summarise and conclude in section 5.
2 Phenomenology of t ′ and b
′
Strong processes can produce both t ′ and b ′ -type quarks at the LHC with identical rates, through gluon fusion or quark-antiquark annihilation. Such pair-production, whose rates are independent of the degree of singlet-doublet mixing, are the modes relevant for our study. Though single-production is also possible, perhaps with less phase space suppression, it is (a) driven by electroweak couplings, and 
Mixing and Coupling of t
′ and b
′
With the addition of the isosinglet quarks to the SM content, we assume mixing to take place mainly with the third generation of the quarks. We show below the general scheme of mixing in the down sector; the pattern is similar in the up-sector as well. The weak eigenstates are denoted by (d w , s w , b w , b ′ w ) and they are related to the mass eigenstate by [23, 24] 
where
The unprimed fields denote the basis, where, the mass matrix of the up-type quarks are diagonalized. The submatrix V 3×4 consisting of the first three rows of the U 4×4 matrix is the charged current matrix analogous to the SM CKM matrix and is not unitary. The addition of the fourth row restores the unitarity of U. The charged current interaction in the mass basis is now given by:
where e is the electromagnetic coupling constant, θ W is the weak mixing angle and V ij is the relevant 3 × 4 submatrix of U. The indices i, j run over the quark generations (i = 1-3, j = 1-4), and u = (u, c, t
As a consequence of mixing between fields with different weak isospin (T 3 ), Flavor Changing Neutral Current (FCNC) processes appear at the tree level, something that is absent in the SM framework. We therefore get b ′ bZ and b ′ bH interactions. In addition, the SU(2) singlet field b ′ in the flavor terms can have a gauge invariant 'bare' mass term, contrary to d, s and b. As a result the mass and Yukawa coupling matrices cannot be simultaneously diagonalised, and the physical states can have flavor changing Yukawa interactions. The neutral current interaction in the mass basis is given by:
The index k runs from 1 to 3, whereas i and j runs from 1 to 4. The electromagnetic current J µ em is diagonal in the mass basis and is
The FCNC coupling as seen from Eq. (2.4) is controlled by V † V , which is a 4 × 4 matrix. Since the mixing matrix V 3×4 is embedded within the unitary matrix, therefore from Eqs. (2.1), (2.2) we obtain the relation,
Now let us come to the full explanation of flavor changing Yukawa couplings, already mentioned above. There are gauge invariant mass terms proportional tob
, due to non chiral nature of vector quarks. As these terms do not arise from the Yukawa coupling, therefore, the Yukawa matrix cannot be simultaneously diagonalized with the mass matrix through a biunitary transformation, consequently giving rise to non diagonal Yukawa coupling among the physical quarks. The relations go analogously for the top sector. The explicit forms of the Yukawa couplings along with the coupling of the gauge bosons to the vector quarks and SM quarks due to mixing are given as
where f and F are dominantly SU(2) L doublet and singlet respectively, both in the up and down sectors, and generically stand for mass eigenstates. Moreover, f here denotes third generation quarks only. The CKM matrix elements of the SM involving the light quarks are directly determined from the experiments and are therefore tightly constrained. These experimental results also give unitary limits on the other elements which cannot be directly determined. The non-observation of the FCNC decays in the top sector by the Tevatron [25] and the analysis of single top production in LEP [26] has set bounds on the CKM matrix elements involving the top quark at 95% CL. A detailed analysis on the allowed mass range and mixing angle θ in accordance with the precision electroweak data, flavor physics and oblique parameters is presented in [27] . They have presented the range of the CKM matrix elements allowed for different quark masses in case of different scenarios. For our analysis we have assumed a simplified version of the matrix given in Eqs. (2.1) and (2.2) and describe all the interactions on the addition of an isosinglet fermion by the following mixing matrix
We are considering here the mixing of the vector quark with the third generation only as the effect of mixing is very small in the lighter generations for massive vector quarks. The other elements of the mixing matrix are fixed to the SM value. Thus we are essentially considering the isosinglet quark in either sector mixing with the third family alone, the mixing angle being consistent with all existing constraints.
The current phenomenological constraints on vectorlike quarks come from direct production bounds at the various colliders and from flavor physics. There are various direct limits on their masses depending on the decay channel analysed. The CDF collaboration has excluded a heavy t ′ with SM like couplings at 95% CL up to 358 GeV [28] and a heavy b ′ with SM like couplings at 95% CL up to 372 GeV [29] . The search mode in the collider experiments is mainly through the pair production of these exotic quarks and further assuming these quarks to only decay through a particular channel. The bound obtained by CDF on b ′ was by looking for pair produced heavy quark with a 100% branching ratio to W + SM quarks. This analysis mainly constrains all the models predicting this final state. Recent LHC bounds from the ATLAS [30] - [34] and CMS [35] data, have set a lower limit on charge 2/3 and -1/3 exotic quark mass, by the investigation through either a particular decay channel or assuming branching ratios to W, Z and H decay modes in the context of different models. The exclusion of mass of the vectorlike quarks is mainly dependent on the strength of their couplings.
All the possible decay modes of the heavy quarks are considered in our analysis. Flavor constraints are also significant for vectorlike quarks. The mixing of the new quark with the SM quarks leads to the non-unitarity of the 3 × 3 SM CKM matrix and non-unitarity of this form is tightly constrained as the unitarity triangle of the SM is being measured with absolute precision. The presence of FCNC in this case contributes to some processes such as b → sγ, where the quark b changes its flavor by emitting or absorbing Z or Higgs boson. Along with it a photon is also emitted. The FCNC also leads to b meson mixing such as B d −B d and B s −B s mixing [27, 36] . There being enormous activity in the flavor sector, it is expected that the experimental data from this sector can be applied to find constraints on the heavy quarks and their mixing with the SM ones. The constraints obtained in this case are largely model dependent [37, 38] and we do not consider them for our analysis. The benchmark points that we consider for our calculation are presented in Table 1 . We present in Fig. 1 of the vector quarks and is independent of the mixing angle θ. Moreover the cross section is the same for the two cases considered here. We next show in Fig. 2 the branching ratios of the various decay modes of the vector quarks in the two cases plotted as a function of their mass. We have kept the Higgs mass fixed at m H = 125.5 GeV. These branching ratios are sensitive to the Higgs mass, and have very weak dependence on θ. We have therefore, shown our results for a fixed value of θ. 
Signal and Backgrounds
We consider, as already mentioned, the pair production of both t ′t′ and b ′b′ , taking one at a time via quark-antiquark as well as gluon pair annihilation.
Signals
With the recent discovery of the Higgs with a mass around 125−126 GeV, we get an added edge, given the fact that the Higgs dominantly decays to bb in this mass range. With appropriate tagging, it should be possible to reconstruct the Higgs from the invariant mass of the b-jet pairs. Also, for the allowed range of the mixing matrix elements the branching fractions of t ′ or b ′ to Higgs is substantial for moderate masses.
Signal for t ′
We will be mainly concentrating on the decay mode of t ′ to Higgs and a top quark.
In this case there can be three possible outcomes depending on the decay mode of both the W 's. It can be either both the W 's are decaying to leptons or one of them is decaying leptonically and the other decaying hadronically, the third possibility is the hadronic decay for both the W's. Thus the final states arising from t ′t′ production are
The same final states can also be obtained from other decay modes of t ′ . The processes which mimic the t ′t′ decay channel considered for our analysis are
The contribution from these decay channels is proportional to the branching ratio of Z → bb, which is about 15% and too small. It must be remarked that added to the small branching ratio their contribution to the signal gets filtered by the various cuts and the calculation of Higgs invariant mass as explained later.
Signal for b
′ Similar to t ′ , in this case also we will mainly concentrate on the decay mode of b ′ to Higgs and bottom quark with the final state consisting of only 6b's.
There are other modes for b ′ which can give rise to the final state of 6b's. Of course, the contributions from all these processes are proportional to the respective branching fractions of Z → bb.
The hadronic decay mode of the W 's from t ′ will give the same final state signature as b ′ , provided the jets emitted from the W 's are light. We have computed the cross section for all the background processes except the process pp → ttHH, with ALPGEN [40] which takes into account all the spin correlation and finite width effects. The cross section for the production of ttHH is computed with CalcHEP v2.5.6 [39] , and is found to be about 0.0005 pb at 14 TeV, for the Higgs mass of 125.5 GeV. Since it is too small to be a threat to our signal, we are not considering this process further in our analysis. A similar argument follows for the background process W + W − HH production in association with jets. The cross section is of the order of 10 −5 pb. Therefore we are also ignoring this process in the further analysis of the background. The QCD factorisation and renormalisation scale (Q 2 ) in ALPGEN for the different background processes are presented in Table 2 . 
Event Selection Criteria
For the numerical evaluation of both the signal and the background rates, we have considered the CTEQ6L parton distribution function with m t = 172 GeV, m b = 4.8 GeV, m H = 125.5 GeV and centre-of-mass energy, √ s of 14 TeV. The signal events along with their decay branching fractions are generated with the help of CalcHEP v2.5.6 [39] . The renormalisation and factorisation scale used for the calculation of production cross sections is the default scale used in CalCHEP, i.e squared sub process centre-of-mass energy (m ij 2 =ŝ = (p i + p j ) 2 ). These signal events are passed on to PYTHIA-6.4.24 [41] for showering and hadronization along with the help of CalcHEP-PYTHIA interface program [42] . We have taken into account in PYTHIA the initial and final state radiations due to QED and QCD, along with the multiple interactions accounting for pile up. The showering of the SM background events is done by passing on the output of ALPGEN [40] in the form of unweighted events to PYTHIA. ALPGEN performs the matching of the jets produced in the showering routine to the partons obtained from the matrix element calculation using the MLM matching procedure [43] . Jet formation is done through FastJet 3.0.2 [44] using anti-k t algorithm, with radius parameter R = 0.4. The event selection criteria or the cuts applied are the same for both the signal and the background and are detailed below.
• Identification of Isolated Leptons (cut 1): 1) For the lepton trigger, electron candidates are required to have p e T > 25 GeV and |η| < 2.47. Moreover the electron is vetoed if it lies in the region 1.37 < |η| < 1.52 between the barrel and endcap electromagnetic calorimeters. The muons are required to satisfy p µ T > 25 GeV and |η| < 2.5. 2) Since we are interested in leptons coming from the decay of on-shell W ′ s only, they are further tested for being isolated. a) The total E T of stable particles within cone radius ∆R = (∆η) 2 + (∆φ) 2 < 0.2 of the lepton should be less than 10 GeV. b) In order to make the lepton and jets well separated, we further apply a lepton jet separation cut, ∆R lj ≥ 0.4 on the lepton for all the jets formed with p T > 20 GeV. The jets are formed through FastJet [44] , with R = 0.4 using the anti-k t jet algorithm. All the particles other than the leptons with trigger of p T > 20 GeV and |η| < 2.5 form the input for Fastjet. The jets trigger for this is p T > 20 GeV. c) To exclude the contribution of the same flavor leptons that might come from the decay of Z boson, the invariant mass M ll of the isolated lepton pairs is calculated and the pair having mass in the window |M Z ± 10| GeV is discarded. The events chosen after this are listed as those passing cut 1. For the selection in case of signal with one or two isolated leptons, after the application of cut 1 all the events with one or two isolated leptons survive.
• Missing E T ( E T ) (cut 2) :
For the events with one or two isolated leptons, E T is calculated by computing the vector sum of the visible p tot T of all particles, where
In Eq. (3.1) p unc x,y receives contribution from the unclustered components, which consist of the leptons and hadrons in each event not passing the primary selection criteria for trigger but have p T > 0.5 and |η| < 5.0. A cut of E T > 40 GeV referred to as cut 2 is applied. All the events which survives cut 1, are subjected to this cut.
• b tagging (cut 3):
The jets with E T > 40 GeV and |η| < 2.5 are selected as trigger for the identification of b jets. A jet is tagged as b jet if it has a b parton within a cone of ∆R < 0.4 with the jet axis and a tagging efficiency of 60% is incorporated. Events with five or more b's tagged in this manner are selected and are tabulated as events surviving cut 3.
• The cuts mentioned above are mainly motivated to suppress the background and also to discriminate the signal of the t ′ and b ′ .
Smearing
In order to account for detector effects, the momenta of the leptons, jets and the unclustered components obtained from the generator are smeared according to the following prescription :
• For electrons and jets: The electrons with pseudorapidity, |η| < 2.5 and the jets with |η| < 5 and p T > 20 GeV are smeared by Gaussian distribution given by
where X = E T . In case of the electrons
whereas for the jets a = 0.5 GeV 1/2 , b and c = 0.
• For muons: Muons with |η| < 2.5 are similarly smeared according to
with (a, b) = (0.008, 0.037) |η| < 1.5 (0.020, 0.050) 1.5 < |η| < 1.5 (3.5)
• For unclustered components: The stable particles with |η| < 5.0 and E T > 0.5 GeV are smeared as unclustered components, the corresponding Gaussian width being 
Numerical Results
We have briefly discussed in section 3 about the final state signal along with the various cuts applied for our analysis. We present in this section the actual number of events surviving after each cut for a given integrated luminosity of 100 fb −1 . The different final states are briefly described below.
• First of all, we consider the number of events with the final state 5b + 2l+ p T (signal 1), i.e. 5 tagged b jets with two b jet pair's invariant mass peaking at the Higgs mass (123−128 GeV) along with 2 isolated leptons, which we call N 1 . The number of events, surviving after each cut for this final state, for the considered integrated luminosity is presented in Table 3 for both the signal and the background processes.
We can see from the table that with the choice of our cuts, we are able to discriminate between the signals of the t ′ and b ′ vector quarks. From this table we can make following observations.
-At the production level the number of events for both types of signal and one of the background, tt, is of the same order of magnitude. The other two SM backgrounds, ttH, ttbb are smaller but comparable. This continues even after the application of cut 1 and cut 2. In case of b ′b′ , this is because the dominant decay mode of b ′ being W − t, the final state will consist of 4W 's and 2b's resulting in large number of events satisfying cut 1 and 2. Similarly, the leptons from the tt process survives cut 1 and 2 as the tops produced are highly boosted. It is only after the application of cut 3 which requires at least 5 tagged b's along with a minimum energy of 40 GeV, the background gets washed away.
-After applying cut 3 the discrimination between the two kinds of signals, t ′t′ and b ′b′ starts to show up. Further demand of reconstructing two Higgs from the tagged b's makes the distinction between two kinds of signal events quite clear. We can conclude from this table that in the case of 5b + 2l+ p T final state after all the cuts, we expect the dominant contribution from top-like vector quark, t ′ . The trend seems to be same for both the masses.
Actual Number of Events with L = 100 fb Table 3 : Actual number of events in case of the Signal and the Background for a 5b + 2l+ p T final state which pass various cuts at the 14 TeV LHC.
• We next consider the number of events with at least 5 tagged b's and 1 isolated lepton i.e. 5b + 1l+ p T (signal 2) in the final state, along with the two b jet pair's invariant mass peaking at the Higgs mass (123−128 GeV), which we call N 2 . We present the results for this final state, in Table 4 for both t ′ and b ′ along with the background. The argument in this case for the number of events surviving after each cut is similar to the previous one. The events that survive even after the Higgs invariant mass reconstruction in case of backgrounds is mainly due to the combinatorics. We next show in Figs. 3, 4 the different kinematic distributions for this particular signal after all the cuts have been imposed. The p T distribution of the hard isolated lepton is shown in Fig. 3 , whereas Figure 6 , however, a mild difference is noticed. This is because the lepton final states do not arise in the lowest order in pp → b ′b′ → bbHH. The signal is thus the consequence of initial/final states radiation and of cases when it actually arises from b ′ → tW , which accidentally mimic two Higgses in an uncorrelated manner.
• Finally the events with at least 5 tagged b jets and zero leptons (signal 3), along with the two b jet pair's invariant mass peaking at the Higgs mass (between 123 GeV and 128 GeV), which we call N 3 , is considered. The result for this is presented in Table 5 for both t ′ and b ′ . While considering the zero lepton final state given in Table 5 , the cut consisting of isolated lepton and missing energy i.e. cut 1 and 2 is neglected for the obvious reasons. Since both t ′ and b ′ favour the hadronic decay mode, it can be seen from the Table, the number of events surviving is the same even after cut 3. It is only after the Higgs mass reconstruction from the b jets, that both t ′ and b ′ show different behaviour. Similar to signal 2, we have shown in Figs. 7, 8, 9 , 10 the various distributions with all the kinematic cuts imposed. The p T of the hard b jet is peaked around 200 GeV for b ′b′ pair production, whereas in case of t ′t′ , the p T is peaked around 100 GeV as can be seen from Fig. 7 . This is mainly because the b's from b ′b′ are directly produced from the decay of b ′ , compared to those from t ′t′ , where b is produced from the decay of t ′ to tH/tZ followed by the decay of t to W b or H/Z to bb. The discrimination is reduced when one moves to the p T distribution of the softer jets, Fig. 8 , with both t ′t′ and bb ′ behaving similarly for the p T distribution of the soft b jet, Fig. 9 . The distribution of the opening angle between the two reconstructed Higgs is shown in Fig. 10 . The distribution pattern is the same for both t ′ and b ′ . It can be seen from the figure that most of the reconstructed Higgs pair have small opening angles, even though the Higgses reconstructed in the signal are also on account of combinatorics. This is because these are real signals, as opposed to the events in Figure 6 , and the boost of the parton center-of-mass frame causes a small opening angle in a large number of cases. From the above analysis, we find a significant difference in the number of events that survive after all the cuts, for both the signals. Still we choose to compute the ratio of the number of events surviving after the application of all cuts in case of the different signals N i , where i = 1, 2, 3 as defined before for both t ′ and b ′ . The relevant ratios which we consider are N 13 = N 1 /N 3 and N 23 = N 2 /N 3 for both t ′ and b ′ . We consider these ratios as working with the above rates helps us in getting most of systematic uncertainties cancelled. The results are presented in Table 6 and it can be seen that they differ significantly for t ′ and b ′ . We can make • The ratio N 13 differs for t ′ and b ′ by two orders of magnitude, for both the masses of 350 and 500 GeV.
• The ratio N 23 differs by a factor of 100 in case of 350 GeV and by a factor of 10 in the case of 500 GeV. It turns out that the ratio N 13 is a better distinguishing observable than N 23 and it continues to be so even when the mass of t ′ , b ′ increases while N 23 seems to be sensitive to the t ′ , b ′ mass, and can only be used as a distinguishing observable for quarks masses unto 700 GeV.
Summary and Conclusions
In this work we have made an attempt to distinguish between top-like and bottom-like isosinglet quarks which are predicted in several extensions of the SM, at a luminosity of 100 fb −1 and center-of-mass energy of 14 TeV at the LHC. On account of being vectorlike they mix with third generation chiral quarks which leads to flavor changing Yukawa interactions along with FCNC. These quarks have the decay modes, t ′ → Zt, Ht, W + b and b ′ → Zb, Hb, W − t. We have in this work tried to address the question of distinguishing the signatures of these isosinglet vectorlike quarks once they are discovered.
Choosing in particular the Higgs decay channel out of these possibilities for both t ′ and b ′ , we tried to make a distinction between the two cases. The Higgs decays further to a pair of b quarks. We demand that the two Higgs be reconstructed in the mass range 123−128 GeV from the tagged b's. The recent discovery of Higgs like resonance at 125.5 GeV at the LHC strengthens our analysis. We choose three final states with 2, 1, 0 lepton along with five tagged b's which is attainable at the LHC as it can efficiently detect leptons and also tag b's. We find that with a suitable choice of cuts, the SM background is very small for both the signals. Our study overall reveals that, empowered by our recent information on the Higgs, we can clearly differentiate between t ′ and b ′ from ratios of events with various lepton multiplicities in the final state along with two reconstructed Higgs.
